Of all ubiquitin-like proteins, Rub1 (Nedd8 in mammals) is the closest kin of ubiquitin. We show via NMR that structurally, Rub1 and ubiquitin are fundamentally similar as well. Despite these profound similarities, the prevalence of Rub1/Nedd8 and of ubiquitin as modifiers of the proteome is starkly different, and their attachments to specific substrates perform different functions. Recently, some proteins, including p53, p73, EGFR, caspase-7, and Parkin, have been shown to be modified by both Rub1/ Nedd8 and ubiquitin within cells. To understand whether and how it might be possible to distinguish among the same target protein modified by Rub1 or ubiquitin or both, we examined whether ubiquitin receptors can differentiate between Rub1 and ubiquitin. Surprisingly, Rub1 interacts with proteasome ubiquitin-shuttle proteins comparably to ubiquitin but binds more weakly to a proteasomal ubiquitin receptor Rpn10. We identified Rub1-ubiquitin heteromers in yeast and Nedd8-Ub heteromers in human cells. We validate that in human cells and in vitro, human Rub1 (Nedd8) forms chains with ubiquitin where it acts as a chain terminator. Interestingly, enzymatically assembled K48-linked Rub1-ubiquitin heterodimers are recognized by various proteasomal ubiquitin shuttles and receptors comparably to K48-linked ubiquitin homodimers. Furthermore, these heterologous chains are cleaved by COP9 signalosome or 26S proteasome. A derubylation function of the proteasome expands the repertoire of its enzymatic activities. In contrast, Rub1 conjugates may be somewhat resilient to the actions of other canonical deubiquitinating enzymes. Taken together, these findings suggest that once Rub1/Nedd8 is channeled into ubiquitin pathways, it is recognized essentially like The selective degradation of many proteins in eukaryotic cells is a highly specific and irreversible process required to perform vital cellular functions such as cell cycle progression (1, 2), differentiation and development (3, 4), and transcriptional control (5). One of the major pathways involved in this selective degradation is the ubiquitin-proteasome pathway. In this pathway, ubiquitin (Ub), a 76-amino-acid protein, is attached to the substrate, and this is followed by the recognition and degradation of the substrate by a protein complex collectively known as proteasome (6 -8).
The selective degradation of many proteins in eukaryotic cells is a highly specific and irreversible process required to perform vital cellular functions such as cell cycle progression (1, 2) , differentiation and development (3, 4) , and transcriptional control (5) . One of the major pathways involved in this selective degradation is the ubiquitin-proteasome pathway. In this pathway, ubiquitin (Ub), a 76-amino-acid protein, is attached to the substrate, and this is followed by the recognition and degradation of the substrate by a protein complex collectively known as proteasome (6 -8) .
The attachment of Ub (ubiquitination) to a substrate protein is achieved via a cascade of enzymatic reactions (involving E1, E2, and E3 enzymes) that results in the formation of an isopeptide bond between the C-terminal glycine of Ub and a lysine residue of the substrate (9 -11) . Sequential repetition of this cascade can result in the attachment of a chain of Ub molecules (polyubiquitin) to the substrate protein. The length and topology of the polyubiquitin (polyUb) tag decide the fate of the substrate protein. For example, we and others have shown that a K48-linked tetraubiquitin (tetraUb) chain that acts as a proteasomal degradation signal forms a "closed" structure (12, 13) , whereas a K63-linked Ub chain forms an "extended " structure (14) and has been implicated in nonproteolytic functions including ribosomal functioning (15, 16) and post-replicational DNA repair (17, 18) .
Yeast protein Rub1 and its mammalian orthologue Nedd8 (for simplicity, we refer to the molecule as Rub1 regardless of its source unless specifically highlighting a unique property of the mammalian orthologue, in which case we prefer the name Nedd8), also a 76-amino-acid-long polypeptide, are the closest kin of Ub in the family of Ub-like proteins. Rub1 is ϳ53% identical and ϳ77% similar to Ub at the amino acid level. The structures are incredibly similar as well, as the three-dimensional folds of Rub1 orthologues from mammals or plants are largely superimposable with Ub (19 -21) . Key residues are conserved as well (Fig. 1A) , suggesting that the overall surface and functional residues are maintained. Despite these striking similarities, Rub1/Nedd8 and Ub employ their own cognate E1 and E2 to post-translationally modify their specific substrates (22, 23) . The recognition of the cognate E2s by their respective E1 paralogues is critical in avoiding cross-talk between these two parallel regulatory pathways (24, 25) . The Ub pathway involves the attachment of monomeric Ub or polyUb chains to substrates and has been implicated in degradative and regulatory or protein sorting/trafficking functions. In contrast, the Rub1 pathway exclusively attaches monomeric Rub1 to substrates and performs mainly regulatory functions (26) . The attachment of Rub1 (rubylation) to cullin proteins and the subsequent regulation of a multi-subunit E3 ligase, the Skp, cullin, and F-box containing complex, is probably the most prevalent, and clearly the best studied, biological function reported so far (22, 23, 27, 28) . However, some other proteins have recently been shown to be modified by Nedd8, including p53 and its E3 ligase Mdm2 (29 -31) , p73 (a homolog of p53) (32) , ribosomal protein L11 (33, 34) , epidermal growth factor receptor (EGFR) (35) , caspase-7 (36, 37) , and parkin (38, 39) , though the effects are still vague, particularly as the ratio of modified to unmodified forms of each protein is extremely low. Complicating matters, many of these proteins are also reported to be targets for ubiquitination, and in many cases the same E3 enzymes are required for both ubiquitination and rubylation. Moreover, under certain stress conditions, such as those that occur when the level of free Ub is limiting in cells, the extent of neddylation increases dramatically, in some cases resulting in Rub1/Nedd8 and Ub on the same target (40, 41) . This raises the important yet unaddressed question of how the proteasomal and the non-proteasomal Ub receptors differentiate among the same target proteins modified by either Ub or Rub1 or both. To address this question, we examined the interactions of Rub1 with the Ub-binding domains of these receptors. Surprisingly, Rub1 showed binding to all the non-proteasomal receptors/shuttles tested. However, it interacts weakly with a proteasomal Ub-receptor, Rpn10. As these receptors are well known for their preference for Ub chains (42) , we tested the ability of human Rub1 (Nedd8) to form chains in H1299 cells. Interestingly, Nedd8 forms a heterologous chain with Ub. Our analysis revealed that in the substrate-free Nedd8-Ub heterodimers, Nedd8 acts as a chain terminator. Moreover, we were able to synthesize these heterodimers in vitro using the E1 and E2 enzymes from the Ub pathway. Here we also show that a K48-linked Rub1-Ub heterodimer is recognized by the proteasomal and non-proteasomal Ub-receptors comparably to K48-linked Ub homodimer and is cleaved in vitro by either purified 26S proteasome or the COP9 signalosome.
EXPERIMENTAL PROCEDURES
Expression Constructs-The DNA encoding 1-76 amino acids of Rub1 was cloned into pTXB1 vector (NEB) using standard techniques, and the construct was verified by DNA sequencing. Details of the cloning procedure and primer sequences are provided in the supplemental information. All constructs used in this study are listed in supplemental Table S1 .
Protein Expression and Purification-All proteins used in this study were expressed in the BL21 (DE3) strain of E. coli except for Ub constructs, which were expressed in the pJY2 strain. Proteins were purified using standard chromatographic techniques (see supplemental Table  S2) .
Synthesis and Purification of Rub1-Ub Dimer-Purified Rub1 and Ub monomers (100 M each) were incubated with 500 nM of E1 of Ub, 20 M of E2-25K (or 20 M each of Ubc13 and Mms2), 5 mM ATP, 5 mM MgCl 2 , phosphocreatin, and phosphocreatine kinase in 50 mM Tris-HCl buffer (pH 8) for 16 h. Rub1-Ub dimer fractions were purified via gel filtration chromatography. The 15 N-labeled Rub1-Ub heterodimer for NMR studies was assembled from 15 N-enriched Rub1 and 15 N-enriched Ub monomers using the same procedure. After purification, the protein was exchanged into 20 mM phosphate buffer (pH 6.8) containing 0.02% (v/v) NaN 3 and 7% D 2 O for NMR studies.
NMR-NMR samples for Rub1 monomer were prepared in 20 mM phosphate buffer (pH 6.0), which was used for structural characterization. All NMR binding studies were done in 20 mM phosphate buffer (pH 6.8). NMR data were acquired at 22.5°C on a Bruker Avance III 600 MHz spectrometer equipped with a cryoprobe. Details of the experiments performed and data analysis can be found in the supplemental information.
Mammalian Cell Culture, Transfection, and Ni-affinity Purification-H1299 cells were cultured in Dulbecco's modified Eagle's medium with 10% (v/v) fetal bovine serum. Cells at 90% confluency in 6 cm plates were transfected using Lipofectamine 2000 as described elsewhere (43) . Twenty to twenty-four hours after transfection, the cells were lysed in 500 l Gd-HCl buffer (6 M guanidinium HCl, 100 mM phosphate buffer pH 8.0, 10 mM imidazol, 10 mM ␤-mercaptoethanol, 1 mM pefabloc, 1 g/ml apeptin/leupeptin mixture), and 20 l of protein A Sepharose beads (equilibrated in Gd-HCl buffer) were added. The samples were incubated at 4°C with rotation for 1 h and then centrifuged, and 50 l of Ni-agarose beads (equilibrated in Gd-HCl buffer) were added to the supernatant; this was followed by incubation at 4°C for 3 to 4 h or overnight. The beads were then washed two times with Gd-HCl buffer, and this was followed by two more washes in a buffer containing one part Gd-HCl buffer and four parts 50 mM Tris-Cl (pH 6.8) containing 20 mM imidazol. Finally, the samples were washed two times with 50 mM Tris-Cl (pH 6.8) buffer containing 20 mM imidazol. The samples were boiled at 95°C for 5 min in 100 l of Laemmli buffer containing 200 mM imidazole and loaded onto SDS-PAGE gels.
Cleavage of Rub1-Ub Dimer-0.1 mM of K48-linked Rub1-Ub 74 dimer was incubated with either 26S proteasome or COP9 signalosome or with both in the presence of 100 mM Tris-Cl buffer (pH 7.4), 20% glycerol, 20 mM MgCl 2 , 0.5 M phosphocreatine, 0.2 mg/ml phosphocreatinine kinase, 0.5 M ATP, and 1 M DTT. The reaction was incubated for 12 to 16 h at 30°C.
Stable Isotope Labeling of Amino Acids in Cell Culture and Data Analysis-RGS-His 6 -Rub1-expressing yeast cells were grown in minimal synthetic defined (SD) media containing yeast nitrogen base and glucose supplemented with 4 mg/l 13 C 6 15 N 2 lysine and 2 mg/l 13 C 6 15 N 4 arginine (Cambridge Isotope Laboratories Inc, Andover, MA, USA.), and RGS-His 6 -empty vector expressing cells in SD media supplemented with 4 mg/l 12 C 6 14 N 2 lysine and 2 mg/l 12 C 6 14 N 4 arginine (Sigma Aldrich). Cells were lysed and enriched for Rub1 via the use of a mini nickel-nitrilotriacetic acid column (Qiagen, Valencia, CA, USA). Eluted proteins were separated via SDS-PAGE and cut into 12 gel slices. The gel slices were incubated with modified trypsin (Promega, Madison, WI, USA), and the resulting tryptic peptides were identified by means of mass spectrometry. Details of the in-gel tryptic digestion and mass spectrometric analysis are included in the supplemental information.
Pulldowns of Ub Receptors with Rub1-Purified recombinant His 6 -Rub1 or His 6 -Ub, immobilized on CH Sepharose 4B beads, were incubated with whole cell extract prepared from natively lysed ⌬rub1 cells. 2 ml of cell extract were incubated with 150 l slurry (Rub1 or Ub conjugated, or mock) overnight at 4°C. The beads were washed with 20 column volumes of lysis/wash buffer, followed by elutions with 1 M NaCl or 8 M urea. Hydrophilic and hydrophobic eluates were separated via SDS-PAGE and immunoblotted against Rpn10 and Dsk2.
RESULTS

Rub1 Is Structurally Similar to Ubiquitin-Although Rub1 is
an important protein in Sachharomyces cerevisiae, its threedimensional structure was not known. NMR spectra of Rub1 indicate a well-folded protein and show striking similarity to analogous spectra of Ub (Fig. 1B) . To determine the structure of Rub1, we obtained a nearly complete NMR resonance FIG. 1. Rub1 is structurally similar to Ub. A, amino acid sequence comparison of Ub and Rub1/Nedd8 from Saccharomyces cerevisiae (Sc) and human (Hs). Lysine residues that are conserved in both Ub and Rub1 are represented by empty boxes. The hydrophobic patch residues (L8, I44, and V70) are shaded red. Shown here are sequences of mature proteins; the sequences of the non-processed proteins contain an additional C-terminal N for Rub1 and residues GGLGQ for Nedd8. B, 1 H-15 N HSQC spectrum of Rub1 (blue) overlaid with the similar spectrum of Ub (red). Selected residues that have similar chemical shifts in both Rub1 and Ub are marked with numbers and indicated by arrows. C, an ensemble of the nine lowest energy structures of Rub1 (backbone trace) generated by CS-Rosetta. D, surface representation of one of the CS-Rosetta-generated structures of Rub1 (Rub1_798). The conserved hydrophobic patch residues are painted red and are indicated. E-G, the agreement between experimentally measured residual dipolar couplings (RDCs) of Rub1 and the back-calculated RDCs using the structures of Rub1_798 (E), Ub (F; PDB ID: 1D3Z), or Nedd8 (G; PDB ID: 2KO3). The diagonal represents absolute agreement. Pearson's correlation coefficient (Corr. Coeff.) and the quality factor (R) are indicated. (44), we computed a model structure of Rub1 using the CS-Rosetta approach (45, 46) , which resulted in an ensemble of nine closely related low-energy structures (Fig. 1C) . To verify these predicted structures, we measured residual dipolar couplings (RDCs) for backbone amide groups of Rub1 in a weakly aligned liquid-crystalline medium. Comparison of these RDC data with the predictions based on CS-Rosetta-generated structures showed good general agreement for all structures, with the Pearson's correlation coefficient values ranging from 0.743 to 0.921 (supplemental Table S3 ). This suggests that (i) these structural models provide a good representation of the Rub1 structure and (ii) our NMR signal assignments can be used to map Rub1's interactions with other proteins. The structure that gave the best agreement (shown in Figs. 1D and 1E) is used throughout this paper as the representative structure of Rub1. Furthermore, the RDC data for Rub1 are also in good agreement with the published structures of Ub and Nedd8 (Figs. 1F and 1G), directly indicating that Rub1 is structurally very similar to Ub and Nedd8. Indeed, the predicted model structure of Rub1 can be superimposed on the published structures of Ub and Nedd8 with backbone (C␣) root-mean-square deviations of 0.998 Å and 1.185 Å, respectively (supplemental Fig. S1A ). The distribution of surface charges on the ␤-sheet side of Rub1 encompassing the hydrophobic-patch residues L8, I44, and V70 (functionally important in Ub) is very similar to that of Ub and Nedd8 (supplemental Fig. S1B ), suggesting similar ligand binding properties.
Rub1 Binds to Non-proteasomal Ub Receptors/ShuttlesThere are three well-studied non-proteasomal Ub receptors/ shuttles: Rad23 (its human orthologue is known as hHR23a) (47, 48) , Dsk2 (known as hPLIC1 or Ubiquilin 1 (UQ1) in humans) (49) , and Ddi1 1 (50, 51) . All of them are unique in that they contain an N-terminal Ub-like (UBL) domain that binds to the proteasome via Rpn1 (42, 52, 53 ) and a C-terminal Ubassociated (UBA) domain that binds to Ub chains (54, 55) . These UBL-UBA proteins have been seen to cycle on and off the proteasome while delivering the ubiquitinated cargo from the cytoplasm and the nucleus to the proteasome, which is why they are also known as shuttle proteins (56, 57) . Although a Ub chain is the preferred binding partner of these shuttle proteins, monoubiquitin (monoUb) has been shown to interact with them as well, albeit with lower affinity (58 -62) . Moreover, as Rub1 is documented to form monomeric modifications on its targets (26, 28) , comparison of its binding preferences with monoUb might unlock a clue as to what distinguishes the two. To assess whether Rub1 interacts with the UBA domains of these receptors, 15 N labeled Rub1 was titrated with the UBA domains of hHR23a, human UQ1, and yeast Ddi1, and the interaction was monitored using NMR spectroscopy (see Fig. 2 and below for further details).
NMR signals are highly sensitive to the local electronic environment in a molecule (63, 64) and therefore have been widely used to map the interacting surfaces (13, 14, 58, 65, 66) and assess the strength of binding (14, 58, 59, 66 -68) . A perturbation in the local environment in a protein could result in a shift of the NMR signal from its original position (referred to as chemical shift perturbation (CSP)) or broadening (attenuation) of the NMR signal, or both. As both CSPs and signal attenuations are direct consequences of a change in the local environment in a protein caused by complex formation, they can be used as markers to map the binding interface.
Rub1 Interaction with the UBA2 Domain of hHR23a-Rad23 contains two UBA domains: a central UBA1 domain and a C-terminal UBA2 domain. Both UBA domains interact with monoUb and have a binding preference for K48-linked chains (61, 69, 70) . To test whether the UBA2 domain interacts with Rub1, unlabeled UBA2 domain of the human orthologue of Rad23 (hHR23a) was added to 15 N labeled Rub1. Analysis of the NMR spectra revealed site-specific CSPs for many Rub1 residues, indicating a Rub1-UBA2 interaction ( Fig. 2A) . The observed CSPs increased with increasing amounts of UBA2 and almost saturated at UBA2:Rub1 molar ratios in the range of 3:1 to 4:1 (Fig. 2C) . Additionally, many amides showed signal attenuations indicative of intermediate or slow exchange on the NMR chemical shift time scale ( Fig.  2A) . Mapping the perturbations onto the surface of Rub1 revealed that they were clustered on one side of the molecule and included the hydrophobic patch residues L8, I44, and V70 ( Fig. 2B ), in striking similarity to the UBA2-interacting surface of monoUb (71) .
To assess the stoichiometry of the UBA2:Rub1 complex, we measured the longitudinal 15 N relaxation time (T 1 ), which is a sensitive indicator of the overall tumbling rate of the molecule/complex and therefore is directly related to its apparent size. The average T 1 value measured for the UBA2:Rub1 complex at a 4:1 molar ratio was 634 Ϯ 31 ms (see Table I ), which corresponds to a molecular weight of 14 to 15 kDa (58). This result is consistent with a 1:1 stoichiometry of the UBA2/ Rub1 complex (the expected molecular mass ϭ 14 kDa). We then assessed the affinity of the interaction by fitting our titration data to a one-site binding model, which yielded a K d value of 72 Ϯ 17 M, averaged over six residues (Table II , and 1 The abbreviations used are: Ddi1, DNA damage inducible protein 1; E1, ubiquitin-activating enzyme; E2, ubiquitin-conjugating enzyme; E3, isopeptide ligase enzyme; HA, hemagglutinin; hHR23a, human homologue of Rad23 protein A; Nedd8, neuronal precursor cell expressed developmentally down-regulated protein 8; NMR, nuclear magnetic resonance; NUB1, NEDD8 ultimate buster 1; NUB1L, NEDD8 ultimate buster 1-long; PDB, Protein Data Bank; Rub1, related to ubiquitin protein 1; SILAC, stable isotope labeling of amino acids in cell culture; Ub, ubiquitin; UBA, ubiquitin-associated protein; UBL, ubiquitin-like protein; UIM, ubiquitin-interacting motif; UQ1, ubiquilin 1. also see Fig. 2C ). This affinity is ϳ4-to 5-fold higher than the reported affinity of UBA2 for monoUb (400 Ϯ 100 M (71, 72)).
Rub1 Interaction with the UBA Domain of UQ1-Unlike hHR23a, human UQ1 (also known as hPLIC1) contains only one UBA domain, located at the C terminus (73) , and has been shown to be the strongest Ub binder among the family of UBL-UBA proteins (61, 74) . We detected a relatively strong interaction between Rub1 and the UBA2 domain of hHR23a, and we were interested to know whether Rub1 binds also to the UBA domain of UQ1 (UBA-UQ1). Indeed, our NMR data confirmed this interaction. Moreover, NMR signal perturbations (CSPs and signal attenuations) in Rub1 caused by UBA-UQ1 binding indicate that this interaction is highly specific and involves predominantly residues clustered around the hydrophobic patch on Rub1's surface (Figs. 2D and 2E). The UBA-UQ1-interaction surface on Rub1 is similar to that on Ub (59), as well as to the Rub1 surface involved in hHR23a UBA2 binding ( Figs The T 1 data reported here represent the mean and the standard deviation calculated over several backbone amide signals.
Recognition and Cleavage of Rub1-Ubiquitin Chains
UBA-UQ1 yielded a K d of 18 Ϯ 12 M (Fig. 2F and Table II ), indicating that the monomeric Rub1 has a stronger affinity for UBA-UQ1 than for the UBA2 domain of hHR23a. Note that this affinity is essentially the same as that observed for UBA-UQ1 interaction with Ub (59). Interestingly, six residues in Rub1 exhibited slow-exchange behavior in which an appearance of a second signal corresponding to the bound state was observed. Taking advantage of this, we independently determined the K d from the ratio of the signals corresponding to the free and bound states in slow exchange. (60, 69) . The budding yeast Ddi1 protein contains a C-terminal UBA domain that has been shown to bind Ub (60) . Our NMR titration data show that Rub1 also interacts with the UBA domain of yeast Ddi1 and through the same hydrophobic patch as with the UBA domains of hHR23a and UQ1 (Figs. 2G and 2H) . The titration curves for many residues fit best the 1:1 binding model, yielding a K d value of 386 Ϯ 137 M (averaged over eight residues; Table II and Fig.  2I ), suggesting a weak interaction.
A Rub1-Ub Heterodimer Can Be Synthesized Both within Cells and in Vitro-Given the interaction observed for Rub1 with the Ub chain-binding domains of all three non-proteasomal receptors/shuttles, and knowing that some substrates may be modified by Rub1, Ub, or both, we next aimed to evaluate whether Rub1 forms a chain within cells. Examples of both contradictory and concordant evidence lead to debate about the chain-forming ability of Rub1 (75) (76) (77) (78) . Ub has seven lysine residues (K6, K11, K27, K29, K33, K48, and K63), and all of them have been shown to be involved in chain formation in vivo (79 -81) . However, despite having five of those lysine residues (K6, K11, K27, K33, and K48) conserved from yeast to human (Fig. 1A) , Rub1/Nedd8 has not been directly shown to efficiently form a polymer within cells. To address this question, and in order to distinguish between Rub1/Nedd8 and Ub, we transfected a human lung cancerous cell line (H1299) with plasmids expressing His-tagged Ub (His-Ub) and HA-tagged Nedd8 (HA-Nedd8). Twenty to twenty-four hours post-transfection, cells were lysed in 6 M guanidinium hydrochloride buffer followed by Ni-bead purification. Proteins were separated via SDS-PAGE and blotted with an HA-antibody. Interestingly, we observed many proteins modified with both Ub and Nedd8 in these cells (Fig. 3A, lane 3) .
FIG. 3. Formation of the Rub1-Ub heterodimer both within cells and in vitro.
A, 1 g of each plasmid expressing His-myc-Ub or its mutant (His-Ub 74) and HA-Nedd8 or its mutant (HA-Nedd8 74) were transfected into H1299 cells, as indicated. (In all these constructs, the tags were N-terminal and thus did not interfere with conjugation.) After 20 to 24 h of transfection, cells were lysed in denaturing guanidinium hydrochloride buffer. His-Ub conjugated proteins were purified by Ni-beads followed by SDS-PAGE and Western blotting with an HA antibody. The running positions of the heterodimer, heterotrimer, and heterotetramer are shown by arrows. B, 100 M of purified recombinant proteins (Ub, Ub 74, Rub1), as indicated, were incubated with 300 nM of Ub E1 and 20 M of E2-25K in a ubiquitination reaction. The reaction was incubated at 30°C overnight (12 to 16 h). The reaction mixture was separated on SDS-PAGE, and this was followed by staining with Coomassie blue. The running position of the Rub1-Ub 74 heterodimer is indicated by the arrow. The dissociation constants reported here represent the mean and the standard deviation calculated over at least four residues (see supplemental Table S4 ).
TABLE II Dissociation constants for interaction of monoRub1 and the Rub1-Ub heterodimer with the Ub binding domains of the Ub receptors
The appearance of high molecular weight smear (Ͼ55 kDa) indicates targets that are simultaneously modified with both Ub and Nedd8. They may be in mixed chain or "in trans" on different sites on the target, or both. Moreover, a protein running at around 20 kDa was also observed. Because this protein must contain at least one molecule of His-Ub and one molecule of HA-Nedd8, we conclude that this is a substratefree Nedd8-Ub heterodimer. Similarly, two bands running at around 30 kDa were also observed, and most probably they are Nedd8-Ub heterotrimers in which, in contrast to the heterodimer, the slower running band may have an extra molecule of either His-Ub or HA-Nedd8 attached while the faster running band likely contains an extra (untagged) endogenous Ub or Nedd8. Similarly, a presumable heterotetramer was also observed running somewhat below 40 kDa. Altogether our data show that a Nedd8-Ub chain exists within cells. To separately validate this, we also showed that this type of chain exists within Sachharomyces cerevisiae by utilizing stable isotopic labeling of amino acids in cell culture (SILAC) and mass spectrometric analysis (see supplemental Fig. S2 ).
The observation of Nedd8-Ub heterologous chains intrigued us and motivated us to determine the order of the linkages in these chains (i.e. whether Nedd8 is ubiquitinated or Ub is neddylated). To this end, we transfected H1299 with a plasmid expressing His-Ub along with another plasmid expressing a mutant of HA-Nedd8 in which two glycines at the carboxyl terminus of Nedd8 were deleted (HA-Nedd8 74). By doing this, we ensured that HA-Nedd8 74 could not be activated by E1 and thus could not be attached to any substrate, including Ub; however, this truncated Nedd8 variant could still be used as a substrate to take Ub onto any of its lysine residues. Notably, we did not observe the presence of the Nedd8-Ub heterodimer, which indicates that the lysine residues of Nedd8 could not be used to form these heterodimers (Fig. 3A, lane 4) . This further suggests that Ub's lysine residue(s) has been used to synthesize these substrate-free Nedd8-Ub dimers. If this is the case, we should expect the Nedd8-Ub dimer to reappear upon transfection of the cells with a plasmid expressing HA-Nedd8 along with another plasmid expressing His-Ub 74 (in which two glycines were deleted at the C terminus of Ub). Indeed, the Nedd8-Ub heterodimer reappeared (Fig. 3A, lane 6) , indicating that Ub is neddylated. These results clearly demonstrate that Nedd8 acts as a Ub chain terminator. Consistent with this notion, our SILAC experiment in yeast cells identified K48 linkage only on Ub and not on Rub1 (supplemental Fig. S2 ), which supports our theory that Rub1 can serve to cap Ub tags.
In order to further study the structural and functional properties of the Nedd8-Ub heterologous chain, we set up in vitro reactions with either E1 of Ub or E1 of Nedd8 along with well-known Ubs E2s, E2-25K, or Ubc13/Mms2, shown to synthesize unanchored Ub chains selectively linked via K48 (82, 83) or K63 (84, 85) , respectively. Surprisingly, with E1 of Ub but not with E1 of Nedd8, either E2-25K or Ubc13/Mms2 was able to efficiently synthesize heterologous dimers containing Ub 74 and wtRub1 ( Fig. 3B and supplemental Fig. S3 ). However, wtRub1 alone did not form any free chain efficiently; instead it modified the E2-25K (bands appeared in and migrated slower than E2-25K running position in Fig. 3B, lane 4) . This suggests that Rub1 is indeed efficiently utilized by the Ub system under the condition used, and it is either conjugated to the available Ub or, in the absence of Ub, transferred to a lysine of E2-25K. Furthermore, mass spectrometric analysis confirmed that these dimers indeed consist of Rub1 linked via its C-terminal glycine to K48 of Ub (supplemental Fig. S4 ). This is similar to what we observed in H1299 cells, in which lysine residues of Nedd8 cannot be used to form these heterologous dimers. However, the C terminus of Nedd8 can be attached to a lysine residue of Ub; therefore, we conclude that Nedd8 acts as a chain terminator. Mutational analysis of Ub (K48R and K63R) further showed that these dimers were linked via K48 when E2-25K was used or via K63 when Ubc13/Mms2 was used (supplemental Fig. S3B ), which also indicates that these E2s preserve their properties to form specific linkages. This also suggests that, like Ub, Rub1/ Nedd8 can be incorporated into differently linked chains (i.e. attached to different lysines on Ub) depending on the E2 enzyme responsible for the conjugation. We obtained similar results using either Rub1 or Nedd8, and thus for further study we used Rub1-Ub dimer for structural and functional characterization.
K48-linked Rub1-Ub Heterodimer Forms an Interface Similar to That in K48-linked Ub Homodimer-We and others have previously shown that a K48-linked Ub dimer at nearneutral pH adopts a "closed" conformation in which the interface is formed by the hydrophobic patches (consisting of L8, I44, and V70) of the two Ubs (12, 13) . To determine whether a K48-linked Rub1-Ub heterodimer adopts a similar conformation, we recorded a 1 H-15 N NMR spectrum at nearneutral pH (6.8) of the heterodimer in which both Rub1 and Ub were labeled with 15 N (Figs. 4A and 4B) . The NMR signals from both proteins were well spread and did not overlap with each other (except for T9). The CSP plots for the heterodimer show perturbations at the C terminus of Rub1 and near K48 of Ub, which are expected because of the formation of the G76-K48 isopeptide bond (Fig. 4C) . In addition, significant and site-specific perturbations were also observed for residues 7, 36, 42, 68, and 70 of Rub1 and 7, 13, 45, 59, 68, and 70 of Ub. These perturbations are likely due to noncovalent interactions between Rub1 and Ub in the heterodimer. Mapping the interdomain interaction surfaces onto the structure of Rub1 and Ub shows that most of the perturbations are located on one side of the respective molecule that includes the hydrophobic patch (Figs. 4D and 4E ). These interactions are very similar to those observed in K48-linked diubiquitin (diUb) (13) , and when mapped on a putative Rub1-Ub structure modeled by analogy with the closed structure of K48-linked Ub homodimer (Figs. 4F-4H ), they are all located at the interdomain interface and in the linker region. Also, the 15 N T 1 values (Table I ) are essentially the same for both domains (suggesting that they tumble together as a one unit) and almost identical to those observed for K48-linked diUb (58) . All these results indicate that the Rub1-Ub heterodimer forms an interface similar to that in the Ub-Ub homodimer.
Rub1-Ub Heterodimer Interacts with the Shuttle Proteins of the Ub Pathway-
The role of K48-linked Ub chains in targeting substrates for proteasomal degradation has been well documented (86, 87) . To successfully degrade the substrates, these chains are required to be recognized by the proteasomal receptors and/or the UBL-UBA shuttle proteins (6, 88, 89) . Although tetraUb is an efficient signal for proteasomal degradation, we previously showed that K48-linked diUb is the structural building block in tetraUb (12, 13, 90) , and therefore diUb has been used to functionally characterize the interaction of the K48-linked chains with their receptors. To examine whether and how the heterodimer is recognized by the shuttle proteins, a 15 N-labeled K48-linked Rub1-Ub construct was titrated with the UBA domains of hHR23a, UQ1, and Ddi1, and the binding was monitored using NMR spectroscopy. Interestingly, the Rub1-Ub heterodimer bound to the UBA domains of all three shuttle proteins tested (see Fig.  5 and below for further details).
To map the interface on the Rub1-Ub heterodimer involved in binding to the UBA2-hHR23a domain, we analyzed the CSPs along with signal attenuations. This revealed that the distal Rub1 subunit interacts with the UBA2 domain through
FIG. 4. K48-linked Rub1-Ub heterodimer forms an interface similar to the interface formed by Ub-Ub homodimer. A,
1 H-15 N HSQC spectrum (at neutral pH) of the Rub1-Ub heterodimer in which both distal (Rub1) and proximal (Ub) units were 15 N labeled simultaneously. B, overlay of the spectrum of the Rub1-Ub heterodimer (black) with the spectra of monomeric Rub1 (blue) and Ub (red). The signal shift of G76 in Rub1 and the appearance of a signal from the isopeptide N-H group (-N of K48 in Ub), both caused by the isopeptide bond formation, are indicated with arrows. C, the backbone amide CSPs of Rub1 and Ub, due to the formation of the heterodimer, were plotted as a function of their residue numbers. The residues of Rub1 (G76) and Ub (K48) involved in linkage formation are indicated by a connecting arrow. D, E, mapping (marked in red) of the perturbed residues (CSPs Ͼ 0.025 ppm in the case of Rub1 and Ͼ 0.04 ppm in the case of Ub) on the surface of Rub1 (D) and Ub (E). F-H, the perturbed residues in Rub1 and Ub (colored red, from panels D and E) are mapped on the putative structure model of the Rub1-Ub heterodimer (shown as a ribbon (F) and as a surface representation (G, H)). This model was obtained from the structure of K48-linked diUb (PDB ID: 1AAR) by superimposing Rub1 onto the distal Ub.
essentially the same surface as in monoRub1-UBA2 interaction (Figs. 5A-5C ). Moreover, the proximal Ub interaction with the UBA2 domain was essentially the same as reported previously for the proximal Ub of the K48-linked diUb (58) . To analyze the stoichiometry of the UBA2:Rub1-Ub complex, we measured T 1 at the end point of titration (3:1 molar ratio). The average T 1 value measured for the UBA2:Rub1-Ub complex was 1047 Ϯ 87 ms (Table I) . This corresponds to a molecular weight of 26 to 31 kDa, consistent with two UBA2 molecules bound to one molecule of the heterodimer. However, the titration curves for many residues in the heterodimer fit well to a model that assumes that only one UBA2 molecule binds to one molecule of the heterodimer (1:1 interaction). This is plausible when one UBA2 molecule binds at the beginning of titration when the concentration of the UBA2 is lower than the heterodimer concentration ( ever, at the later points in titration, when the UBA2 is present in excess relative to the heterodimer ([UBA2]:[heterodimer] Ͼ1.0), a second UBA2 molecule binds, shifting the stoichiometry from 1:1 to 2:1. This mode of binding is very similar to that observed in sandwich-like complex formation between UBA2 and a K48-linked diUb (58) . Indeed, a careful analysis of the directions of NMR signal shifts (in the 1 H-15 N coordinates/ spectra) during the titrations of monoRub1 and the distal Rub1 with UBA2 suggests differences in the local interface contacts involved in these two interactions (supplemental Fig.  S5A ). Further analysis of the titration data yielded K d values of 50 Ϯ 22 M for the distal Rub1 and 52 Ϯ 27 M for the proximal Ub (averaged over seven and nine residues, respectively; see Table II and Fig. 5J ), which suggests that the UBA2 binds to both subunits with similar affinity.
We next mapped the interacting surface on both Rub1 and Ub units in the K48-linked heterodimer upon the addition of unlabeled UBA-UQ1. A careful analysis of the mapped surfaces indicates that the Rub1 unit in the heterodimer binds UBA-UQ1 the same way that monoRub1 does (Figs. 5D-5F ). Indeed, the directions of signal shifts (in the 1 H-15 N coordinates) in the monoRub1:UBA-UQ1 and the distal Rub1:UBA-UQ1 titrations are very similar to each other. This confirms that the distal Rub1 in the heterodimer binds UBA-UQ1 essentially involving the same surface as in the case of monoRub1:UBA-UQ1 interaction (supplemental Fig. S5B ). Furthermore, the UBA-interacting surface of Ub in the heterodimer is very similar to that in monoUb:UBA-UQ1 interaction (59) . This suggests that both subunits in the heterodimer bind one molecule of UBA-UQ1 each. Indeed, our 15 N T 1 relaxation measurements for the UBA-UQ1:Rub1-Ub complex yielded a value of 987 Ϯ 65 ms (Table I) , which corresponds to a molecular mass of 25 to 28 kDa, consistent with a 2:1 stoichiometry of the UBA-UQ1:Rub1-Ub complex. Further analysis of the titration data yielded a K d of 50 Ϯ 20 M for the distal Rub1 and of 6 Ϯ 7 M for proximal Ub, which suggests that UBA-UQ1 binds to Ub in the heterodimer tighter than to the distal Rub1. This binding mode is similar to that observed for the Ub homodimer, in which the two Ub units bind UBA-UQ1 independently of each other (59) .
The Rub1 subunit in the heterodimer also binds the UBA domain of Ddi1, and through the same surface as in the case of monoRub1 (Figs. 5G-5I ). The titration curves for both distal Rub1 and proximal Ub residues fit best to a binding model assuming 2:1 stoichiometry (UBA:heterodimer), suggesting, like in UBA-UQ1 binding, that both domains in the Rub1-Ub heterodimer each interact with one molecule of UBA-Ddi1. The calculated K d was 150 Ϯ 37 M for the distal Rub1 and 130 Ϯ 45 M for the proximal Ub (averaged over 10 and 9 residues, respectively). This indicates that the interaction of the UBA domain of Ddi1 with the Rub1-Ub heterodimer is the weakest among the three UBL-UBA proteins tested, consistent with the notion that the UBA domain of Ddi1 binds Ub and polyUb chains weakly.
Rub1-Ub Heterodimer Is Recognized by the Proteasome and Processed by Both the Proteasome and the
Signalosome-Yeast proteasome contains two intrinsic Ub receptors, Rpn10 and Rpn13, and both of them have been shown to contain a well-defined Ub binding domain (91, 92) . Rpn10 binds Ub through its highly conserved Ub interacting motif (UIM), whereas Rpn13 has been shown to interact with Ub via a pleckstrin motif. In addition to these two intrinsic receptors, a third subunit in mammalian proteasome, Rpt5 (93) , has been shown to cross-link to Ub chains via a mechanism that remains to be determined. Among these receptors, the UIM domain of Rpn10 has been most studied and is believed to bind Ub chains directly (56) . Moreover, the UIM domain of another protein, UBXD7, has been shown to bind to conjugated Nedd8 on CUL2 (94, 95) . This inspired us to examine whether Rub1 and the Rub1-Ub heterodimer interact with the UIM domain of Rpn10. For this, we titrated either 15 N-labeled Rub1 or the 15 N-labeled Rub1-Ub heterodimer with unlabeled UIM of yeast Rpn10. The observed CSPs for monoRub1 were very weak (the maximal CSP observed was 0.065 ppm for K48) at a 3:1 ratio of [UIM]:[Rub1] (Fig 6A) . The perturbed residues cluster in and around the hydrophobic patch of Rub1 (Fig. 6D) , similar to Ub-Rpn10 interaction (66) , suggesting that Rub1 does bind the UIM domain of Rpn10, albeit weakly. Furthermore, the analysis of the titration curves did not yield a consistent K d because of the small CSPs observed. To confirm that Rub1 binds the UIM weakly, we measured the 15 N T 1 of monomeric Rub1 and of the UIM:Rub1 complex (3:1 ratio) separately. The average T 1 values for Rub1 and the UIM:Rub1 complex were 459 Ϯ 33 ms and 499 Ϯ 33 ms, respectively. A detailed analysis revealed a systematic increase in T 1 values for many Rub1 residues upon addition of the UIM domain of Rpn10. However, the average T 1 was not near the value of ca. 700 ms expected for the UIM:Rub1 complex (18 kDa), suggesting that only a small fraction of Rub1 is in the UIM-bound state at these conditions. This confirms that although Rub1 does interact with the UIM domain of Rpn10, the affinity is very weak.
Analysis of the titration data for 15 N-labeled Rub1-Ub with UIM-Rpn10 shows that both subunits of the heterodimer interact with the UIM of Rpn10, and in both cases the hydrophobic patch residues are involved (Figs. 6B, 6C, 6E , and 6F). The titration curves for both domains fit best to a 1:1 binding model, which suggests that either the Rub1 unit binds UIM much more weakly than Ub does or one molecule of UIM interacts with both the distal Rub1 and the proximal Ub. An average 15 N T 1 of 986 Ϯ 141 ms (24 to 30 kDa) confirms the 1:1 stoichiometry of the UIM:Rub1-Ub complex (expected mass ϭ 27 kDa). To measure the affinity, titration curves were analyzed yielding a K d of 185 Ϯ 103 M for the distal Rub1 and of 36 Ϯ 9 M for the proximal Ub. Note that the latter K d value is essentially the same as for monoUb binding to UIM-Rpn10 (66) . Moreover, the 15 N T 1 values show a lesser increase for the distal Rub1 than for the proximal Ub (Table I ), suggesting that the UIM primarily binds to the latter. These results indicate that the UIM of Rpn10 interacts with the Rub1 unit in the heterodimer much more weakly than with the Ub unit.
The fact that Rub1 binds to the UIM and UBA domains from proteasomal and non-proteasomal Ub receptors raises the possibility that Rub1/Nedd8 is recognized by components of the Ub proteasome system essentially as Ub, and thus the possibility exists for competition between Rub1/Nedd8 and Ub for the same receptors. In order to address this issue, we performed a pulldown study in which we examined the ability of monomeric Rub1 (immobilized on beads) to pull out Ub receptors/shuttles directly from the whole cell extract. We used Rub1-deficient yeast cells (⌬rub1) to focus on competition between the slew of polyUb conjugates in extract and immobilized Rub1. As positive and negative controls, we used Ub beads and mock beads, respectively. The results (Fig. 7) clearly show that despite the presence of Ub and abundant polyUb conjugates in the whole cell extract, which were potentially competing with immobilized monomeric Rub1, this lonely Rub1 was able to pull down at least two known Ub receptors, Rpn10 and Dsk2. Both Rpn10 and Dsk2 were somewhat more labile on Rub1 than on Ub and washed off at high-salt washes, reflecting some hydrophilic nature of their association; however, a significant portion remained and was eluted only with stringent washes just like those that were bound to Ub.
Given the interactions observed for the Rub1-Ub heterodimer with both the proteasomal and the non-proteasomal receptors/shuttles, we focused our attention on testing whether this heterodimer is targeted and processed by the proteasome. Proteasomes are efficient deubiquitinases with 
FIG. 7.
Rub1 can stably associate with known Ub receptors/ shuttles directly in whole cell extract and in competition with Ub. His 6 -Rub1 or His 6 -Ub, immobilized on CH Sepharose 4B beads (150 l), was incubated overnight at 4°C with 2 ml of whole cell extract prepared from natively lysed Rub1-deficient yeast cells (⌬rub1). The beads were washed with lysis buffer followed by elutions with hydrophilic buffer or hydrophobic buffer. Hydrophilic and hydrophobic eluates (e1 and e2, respectively) were separated by means of SDS-PAGE and immunoblotted against Rpn10 and Dsk2. Mock beads were used as a negative control.
broad specificity (96 -98) ; but how would they deal with Rub1? For this, in vitro synthesized Rub1-Ub heterodimer was incubated with affinity purified 26S proteasome from yeast cells. The reaction was quenched by adding SDS-loading buffer followed by SDS-PAGE separation and blotted with anti-Rub1 or anti-Ub antibody. Interestingly, we observed the presence of a significant amount of monoRub1 and monoUb in the lane where both the Rub1-Ub heterodimer and the proteasome were added, but not in the lanes where either the heterodimer or the proteasome was added separately (Fig. 8) . This indicates that the purified yeast proteasome cleaves Rub1-Ub dimers into monomeric Rub1 and Ub. To rule out a possible role of Ubp6 in this process, we performed a similar cleavage assay with the proteasome purified from a Ubp6-deficient strain (⌬ubp6). The results (Fig. 8B) show that the WT and ⌬Ubp6 proteasomes behave essentially identically in the disassembly of Rub1-Ub heterodimers. A reasonable conclusion points to Rpn11 as the culprit responsible for the observed derubylase activity of the 26S proteasome.
In contrast to the proteasomes, COP9 signalosomes (CSN) are efficient derubylases, shown to cleave Rub1 from its conjugated substrate (99 -102) . In order to assess how CSN treats a mixed Rub1-Ub signal, we tested the ability of affinity purified yeast CSN to cleave the Rub1-Ub heterodimer. Indeed, isolated CSN was able to cleave the heterodimer into its monomeric subunits (Fig. 8) . To summarize, the above findings indicate that the Rub1-Ub heterodimers not only are recognized and processed by the proteins involved in the Ub-proteasome pathway, but also are recognized and cleaved by the proteasome and by the signalosome.
DISCUSSION
Rub1/Nedd8 is the closest protein to Ub among all UBLs. However, their biological functions are very different. Whereas Ub modifies a broad spectrum of targets leading to a variety of outcomes such as intracellular sorting or proteasome-dependent degradation, the known targets of Rub1 for which there is a clear biological outcome are limited to a handful. Though Rub1 is structurally very similar to Ub, the attachment of Rub1 alters only protein function (in the case of cullins) and, to date, is not known to target for proteasomal degradation. In order to understand how the UBA domains of shuttle proteins differentiate between Ub and Rub1, we evaluated the interactions of Rub1 with the UBA domains of the known UBL-UBA proteins. Our NMR titration data show that Rub1 interacts with the UBA domains of all the shuttle proteins tested. The affinity of UBA-UQ1 and UBA-Ddi1 for Rub1 is very similar to the reported affinity of these UBA domains for Ub. However, UBA2-hHR23a binds Rub1 with an affinity ca. 4-to 5-fold higher than the affinity for Ub. Moreover, all these interactions involve the same surface of Rub1, which includes an entirely conserved hydrophobic patch and is very similar to the surface of Ub shown to interact with these UBA domains. This suggests that the UBA domains of these shuttle proteins do not differentiate between Ub and Rub1 and suggests a possible role of Rub1 in signaling proteasomal targeting, to either augment or possibly compete with degradation. This, along with the fact that at least tetramers of Ub increase affinity for some receptors, suggests that doping Rub1 into heterologous chains with Ub might alter the targeting hierarchy. Indeed, our mammalian transfection data show that Nedd8 forms a heterologous chain with Ub in which Nedd8 acts as a chain terminator. Although these heterologous chains were substrate free, they might be due to the cleavage of longer chains shaven off of targets catalyzed by the presence of numerous cellular isopeptidases, or they might be in the process of being built up (presumably by a class of E2 enzymes, such as E2-25K, Ubc13/Mms2, or Ube2s) and conjugated to their natural substrates, or both. Indeed, our data from this study (see Fig. 3A and supplemental Fig. S2 ), along with a recently published report (40) , suggest the presence of several targets in cells that can be modified by these heterologous chains. Our in vitro data show that the heterologous Rub1-Ub chains are readily formed using the E1 and E2 enzymes of the Ub pathway. However, these chains were not formed efficiently when we used the E1 of Rub1 in our in vitro experiments. This indicates that the enzymes of the Rub1 pathway show higher fidelity to the cognate UBL than the enzymes of the Ub pathway. Indeed, recent biochemical and crystallographic studies show that the E1 of Rub1 not only has a gating mechanism to prevent the misactivation of Ub, but also uniquely interacts with its cognate E2 to optimally conjugate Rub1 to its substrate (103) (104) (105) . Similarly, the E1 of Ub also differentiates between these two UBLs to some extent (19) . A study by the late Cecile Pickart and co-workers suggests that the E1 of Ub activates Rub1 in vitro, though with an efficiency about 100 times less than the efficiency of activation of Ub, and vice versa (19) . Similarly, another report shows that lowering the Ub level by a mere 3.6-fold in U2OS cells triggers the conjugation of Rub1 to many substrates using the E1 enzyme of the Ub pathway (106) . That report further states that U2OS cells contain free forms of Ub and Nedd8 in a roughly equimolar amount, so a 3.6-fold decrease in the free Ub concentration will increase the ratio of [Nedd8]:[Ub] from 1:1 to 3.6:1, and this is sufficient to trigger Ub E1-mediated neddylation in these cells. Although it requires further experimental verification, this indicates that our Nedd8-Ub heterologous chain possibly was synthesized in the cells also using the E1 enzyme of the Ub pathway.
We and others have previously shown that a tetraUb chain binds to the UBA domains much more tightly than a diUb, and a diUb binds much more tightly than monoUb (58 -61, 66) . Our titration data show that the UBA domains of Ub shuttle proteins bind the K48-linked Rub1-Ub heterodimer somewhat more tightly than they bind monomeric Rub1, which is by and large comparable to how the UBA domains of these shuttle proteins interact with diUb (see Table II and Figs. 2 and 5 ). This suggests that the shuttle proteins possibly bind a heterologous chain composed of three molecules of Ub and one distal molecule of Rub1 with an affinity comparable to that in their interaction with the tetramer of Ub.
Our data show that monoRub1 and the distal Rub1 in the Rub1-Ub heterodimer interact weakly with the UIM domain of Rpn10. This might be why Rub1-modified proteins are poor substrates for proteasomal degradation. However, the presence of Ub in the heterodimer significantly increases its affinity for the UIM domain (Table II) , and this possibly explains why we see cleavage of the heterodimer into its monomeric subunits upon incubation with the proteasome. This suggests that a heterologous chain composed of at least a heterotetramer might function as an efficient degradation signal. Furthermore, our in vitro data show that these heterodimers are also cleaved by the COP9 signalosome, which indicates that a concerted effort by the proteasome and the signalosome might be required in order to process these heterologous chains within cells. Taken together, our data suggest reopening the question of whether Rub1 might target conjugates to the proteasome, especially in cases when it caps long polyUb chains or is found on targets that are simultaneously ubiquitinated on other residues.
The ability of the proteasome to remove the distal Rub1 from its Ub conjugate is unexpected, as a derubylation function implies the ability to recognize and process the Rub1 signal. Identification of the responsible subunits or components will require further investigation. Nevertheless, this previously undocumented enzymatic function of the proteasome expands the repertoire of its catalytic activities. That said, in order for mixed Rub1-Ub chains to serve as efficient proteasome targeting signals, they would be expected to be stable enough to survive disassembly by proteases for Ub or UBL domains. As we demonstrate in supplemental Fig. S6 , one extremely fast and broad-based deubiquitinase (DUB), Usp2, is essentially inert toward Rub1-containing chains. Previously, a similar conclusion was reached based on the inability of a Nedd8 suicide inhibitor to effectively inhibit another Ub-specific protease, Usp21 (107) . A possible consequence would be that under perturbation or certain induced stresses, Rub1-capped Ub chains (even ones shorter than typical chains) might be more resilient to disassembly by DUBs and thus promote targeting to CSN or proteasome, where metaloproteases of the MPNϩ/JAMM family readily process them.
The standing observation that Rub1 does not appear to promote degradation might be more an issue of bio-availability and the preference of the ubiquitination machinery for Ub over Rub1. However, in cases when Rub1 is activated by UBA1 (the E1 of Ub) and channeled into chains or polymeric modifications of widespread targets, our data suggest that it might very well behave rather similarly to Ub. Indeed, a recent report shows that a cullin called RTT101 can be rubylated or ubiquitinated on the same lysine residue and that in either case the outcome in terms of function is the same (108) . Similarly, ubiquitination or rubylation sites of EGFR are shared, and in both cases the function is to internalize the activated receptor (35) . This raises many questions as to why cells maintain the targets of two small proteins separately and how they are maintained as separate modifications. Several recent reports show that this is primarily due to the presence of selective E1s that are able to distinguish between them in normal cells (19, 109) . However, under stress conditions, Rub1 can be cross-activated and conjugated to the Ub targets, and once on the target, the extreme similarities of Rub1 and Ub would allow them to form heterologous chains which then would be recognized by the shuttles and processed by the proteasome.
The current results provide mechanistic insights into how Rub1 may enter the "ubiquitin sphere of modification." As a consequence, a portion of rubylated/neddylated targets might not be specific substrates of Rub1/Nedd8 modification per se, but targets of heterologous chains, thus potentially affecting data obtained via affinity purification or Rub1/Nedd8 pull-outs.
Overall, our data suggest that there is not much to distinguish between Rub1 and Ub, and once Rub1 is channeled into the Ub pathway, Rub1 or Rub1-Ub heterologous chains are recognized and processed pretty much like Ub or Ub chains. This raises a question about why the cell machineries would synthesize two different types of chains to perform the same function. An obvious explanation is provided by our observation that Rub1 acts as a chain terminator. We present here an attractive but purely speculative model (Fig. 9 ) in which the heterologous chains formed by the enzymes of the Ub pathway are shorter and synthesized efficiently when the level of free Ub is depleted. This could be advantageous for the cells in conditions when they need to conserve a certain level of free Ub. For example, it has been shown that Ub conjugates are accumulated in many neurodegenerative diseases, including Alzheimer's and Parkinson's (110 -112) . The condition in these cells could lead to the depletion of free Ub, which might trigger the synthesis of the heterologous chains. Indeed, Nedd8 has been shown to be present in protein aggregates in these neurodegenerative diseases (113) . The formation of the heterologous chains replicates the function of Ub chains and at the same time ensures avoidance of the further depletion of free Ub within cells. This might also occur upon over-expression of Nedd8. It would be interesting to chart conditions or cellular compartments for which the Nedd8/Ub ratio naturally increases. Our finding that the heterologous chains are cleaved by both the proteasome and the signalosome suggests that these chains could be processed and recycled, which would be necessary in order to avoid the accumulation and subsequent toxic effect, if any, of heterologous chains within cells. It would be difficult, although not impossible, to show this within cells, but the data presented here are consistent with this model. 
FIG. 9.
A model predicting the role of heterologous chains within cells. Ub can form a very long chain on its substrate. Normally, this is not a problem for the cells. However, in certain conditions in which the free-Ub level in the cells is decreased (as conceived in the case of Alzheimer's and Parkinson's diseases), a change in the ratio of free Ub to Nedd8 triggers the activation of both Nedd8 and Ub by the enzymes of the Ub pathway. This leads to the formation of substantially shorter Ub chains on the substrate due to the chain-terminating ability of Nedd8. The formation of the heterologous chains replicates the function of Ub chains and at the same time helps avoid further depletion of free Ub in the cells. Our data indicate that these heterologous chains are processed by both the 26S proteasome and the COP9 signalosome, which suggests that these heterologous chains do not accumulate in the cells and instead are cleaved and subsequently recycled. Although we showed that the heterologous chains are recognized by the Ub binding domains of the Ub receptors, we do not exclude the possibility that these chains are also recognized by the dedicated Nedd8 receptors in the cells (for example, NUB1 and NUB1L).
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